Analysis for mutations in the porphobilinogendeaminase gene offers a more definitive diagnosis of acute intermittent porphyria (AlP) than do conventional biochemical tests. We used single-strand conformation polymorphism analysis followed by direct sequencing to identifya new G -* A mutation at the last position of intron 7 in a patient with AlP. The mutation disrupts the invariant AG dinucleotide at the 3' splice acceptor site and therefore interferes with mRNA processing. To identify other individualswho inherited this mutation, we analyzed five hairs with intact roots collected by each participating family member and sent to us by mail. DNA was extracted from the hair roots and amplified by the polymerase chain reaction. The amplified products were digested with the restrictionenzyme BsaJi to confirmthe presence or absence of the mutation. All six family members who were known to have AlP tested positive, as did three members who had not been previously diagnosed. Hair roots provide a convenient, accessible, and economical alternative to blood as a source of DNA for molecular diagnostic testing. We have recently identified a new mutation in the PBG deaminase gene that alters the 3' splice acceptor site preceding exon 8. To diagnose family members living in several locations throughout the US, we sent them instructions on how to collect and send hair samples to our laboratory for analysis. Here we describe the protocol used to identify the mutation and the results of genetic testing performed on DNA extracted from hair roots.
, and intron 9 (9) have also been described. Once a mutation has been defined, other individuals who have inherited it can be identified by restriction enzyme digestion (6), hybridization to allele-specific oligonucleotides (16), or allele-specific amplification (9) . Testing other family members for the mutation requires a source of genomic DNA. Whole blood is the most commonly used specimen for genetic testing, but blood collection is an invasive procedure, and asymptomatic individuals may be unwilling to have their blood drawn. Blood collection also involves the inconvenience and expense of traveling to a doctor ' We have recently identified a new mutation in the PBG deaminase gene that alters the 3' splice acceptor site preceding exon 8. To diagnose family members living in several locations throughout the US, we sent them instructions on how to collect and send hair samples to our laboratory for analysis. Here we describe the protocol used to identify the mutation and the results of genetic testing performed on DNA extracted from hair roots.
Materialsand Methods
Patients and control subjects. Cycler (Perkin-Elmer Canada, Rexdale, ON). All exons were amplified under these conditions. One volume of each PCR product was added to one volume of a solution of 950 mL/L formamide, 20 mmolJL EDTA, 1 g/L sodium dodecyl sulfate, 0.5 g/L bromphenol blue, and 0.5 g/L xylene cyanol. The mixture was heated at 95#{176}C for 2 mm and then placed on ice. Samples (3 L) were loaded onto a 6% polyacrylamide gel containing 50 ml.IL glycerol and run at 60W for 4-6 h at room temperature, with use of a fan to keep the gel cool. Gels were dried on filter paper, then exposed to x-ray film for 1-3 days before developing the autoradiogram. Banding patterns were inspected visually for mobility changes in single -and double-stranded DNA. Each exon was analyzed at least twice, once intact and once or twice after digestion with a restriction enzyme, to increase the likelihood of finding a sequence abnormality.
The primer sequences and the sizes of the PCR products they generate have been described (10). Primers were designed to amplify each exon and at least 10 to 20 bases of flanking intronic sequence.
Sequencing of exon 8. Exon 8 and its flanking intronic sequences were amplified by PCR as described above by using primers 20 (5' CAGTGAGTTGGCCAATCGAG, sense strand) and 21 (5' TGCATCTTCTGGGCA-CATCC, antisense strand). The PCR product was precipitated with 4 molIL ammonium acetate:isopropanol (1:2, by vol), washed with cold 800 mL/L ethanol, and redissolved in 12 L of 10 mmol/L Tris buffer containing 1 mmol/L EDTA (pH 8.0). One microliter of the redissolved product was used as template in a second PCR, which was performed in duplicate under identical conditions except that the concentration of either the forward or reverse primer was decreased by 100-fold. The products were precipitated, washed, and redissolved as for the first PCR. Direct sequencing of both amplified strands was performed by the dideoxy chain termination method ( antisense strand), which anneals to exon 9, as a sequencing primer.
Hair samples. Family members were sent instructions to pull five hairs from their own scalp, such that each hair shaft had a visible fofficle at the end. All hairs were to be placed directly into a clean envelope that the individuals would seal themselves. If it became necessary to collect another person's hair (e.g., from children), clean plastic or latex gloves were to be worn and the envelope sealed with tape, not by licking. Hair that was too long could be cut with scissors, but the fofficle was not to be allowed to contact other surfaces, to prevent possible contamination.
Hair samples were mailed to our laboratory by first-class mail and stored at room temperature until analysis. Direct sequencing of exon 8 after asymmetric PCR revealed both a guanine and adenine at the last position of intron 7; no other sequence abnormalities were found (Fig. 1) . Because AlP is an autosomal dominant disorder, one mutant and one normal allele should be present. The AG dinucleotide is an invariant feature of 3' splice junctions (21) , and changes in either base would be expected to cause a defect in splicing of the primary RNA transcript. To investigate the effect of the mutation on RNA processing, we reverse-transcribed the patient's total RNA and amplified the coding sequence for PBG deaminase by PCR. Analysis of the product on both agarose and polyacrylamide gels showed a single band, suggesting that the mutation did not cause exon skipping. The PCR product was cloned, and 12 clones were sequenced to identify the junction of exons 7 and 8 in the eDNA. In all clones, only the normal sequence was detected, corresponding to the normal allele. Apparently, neither exon skipping nor activation of a cryptic splice site is occurring, and the RNA transcript from the mutant allele may be too unstable to identify.
The G -* A transition at the 3' splice junction disrupts the recognition sequence for BsaJI (CCNNGG), providing a rapid means of testing for the defect. The PCR product containing exon 8 is 213 bp long, and digestion with BsaJE generates two smaller fragments of 132 and 81 bp. The patient and much of her extended family live about 1000 miles from our laboratory, and some family members live in other, more distant locations. The patient arranged for hair samples from family members to be collected according to our instructions and sent to our laboratory. Extraction of DNA and first-round PCR generated products that were occasionally indistinct and hard to visualize on gels (Fig. 2) . A second PCR followed by electrophoresis showed clear, strong bands of the expected size, corresponding to exon 8 and its flanking intronic sequence. Digestion with BsaJI produced two smaller fragments of 132 and 81 bp in unaffected individuals.
Family members with the mutant allele showed a third band at 213 bp, corresponding to uncut PCR product (Fig. 3 ).
Of 37 individuals tested (including several spouses), 9 family members were positive, including all those who had been previously diagnosed with AlP. Several family members who had not displayed symptoms or been The diagrambelowthe sequencing gel shows the invariantag and gt dinucleotidesflankingexon8 thatare required for proper splicing of this exon into the mature mRNA. tested by conventional laboratory means were also identified as gene carriers. A pedigree of the family is shown in Fig. 4 .
DIscussion
The biochemical diagnosis of AlP is based on increased excretion of 8-anzinolevulixiic acid and porphobilinogen in urine and a decrease in the activity of PBG deaminase in erythrocytes. are known to cause AlP, so a screening method for finding the mutation in a given family is necessary.
We have used SSCP to identify the exon of interest, followed by direct sequencing to precisely define the mutation. Denaturing gradient gel electrophoresis has also been successfully applied to the detection of mutations that cause AlP (7, 13) . The causative nature of the mutation is inferred from its effect on mRNA processing and (or) protein structure, its segregation with the disease, and its absence in control specimens. The G -* A mutation at the last position of intron 7 is one of four intronic mutations that cause AlP. Another G -* A mutation at the last position of intron 9 also disrupts a 3' splice acceptor site (9), and G -+ A mutations at the first positions of intron 1 (16) and intron 5 (13) interfere with the respective 5' splice donor sites. In only one of these cases was an mRNA of abnormal size demonstrated (13). However, all four mutations affect invariant sequences in the donor and acceptor splice sites, which would prevent the normal processing of mRNA and presumably result in failure to produce a functional enzyme from that allele (21, 24) .
The use of hair roots as a source of DNA for family studies enabled us to obtain samples from several locations throughout the US without the expense and inconvenience associated with blood collection. Since PCR requires only very small amounts of target sequence, we found that two hair roots provided sufficient template for amplifying the area of interest. The first-round PCR generated a product that was often too weak for subsequent analysis, in part because of inhibition of the reaction by hair root constituents released during DNA extraction. A second PCR gave a strong band at 213 bp for all samples (Fig. 2) . Digestion with the restriction enzyme Bsa.JI distinguished gene carriers from family members who did not inherit the mutation (Fig. 3) .
We received blood samples from only two patients, the index case and an affected relative. In both patients, the mutation was present in DNA obtained from leukocytes and hair roots. Given that previous work has validated the use of hair roots for genetic testing (18), we did not consider it necessary to confirm the results of other family members by analysis of leukocyte DNA. Despite the simple specimen collection and transport procedure, hair root samples were never received from one affected individual (11-3; Fig.4 ) or from five members at risk for inheriting AlP (111-5, 111-7,111-li, N-li and 1V-12). Had we requested blood samples from all family members, the response rate would probably have been much lower.
In summary, we have demonstrated that molecular diagnostic testing for AlP can be performed on hair roots. This approach to sample collection is noninvasive and eliminates problems associated with blood collection and transport, especially when individuals who need testing live in widely separate geographic locations. It also involves patients in their own medical care, which may increase their willingness to be tested and to respond positively to the results of those tests.
